Spintronic effects, such as giant magnetoresistance (GMR), 1,2 tunnel magnetoresistance (TMR), 3 spin-transfer torque (STT), 4, 5 and pure spin currents in spin Seebeck effect (SSE), 6, 7 are intimately related to spin of the conduction electrons. In many materials, the number of spin-up and spin-down electrons is not necessarily the same, and is measured by the spin polarization (P), which is defined as the imbalance of spin-up and spin-down electrons at the Fermi level, normalized by the total number of electrons, [8] [9] [10] [11] [12] [13] [14] [15] P N " E F ð ÞÀN # ðE F Þ N " E F ð ÞþN # ðE F Þ . The value of P is an intrinsic property of a material and is determined by its band structure. For example, the common magnetic metals Fe, Co, and Ni have P values of about 40%, [8] [9] [10] whereas half-metals such as CrO 2 can have P values of close to 100%. 11, 12 Unlike conventional electronic devices which simply require a charge current, spintronics takes advantage of spinpolarized current where the P value plays an important role. Materials with controllable P values would be ideal to isolate the different effects of spin polarization on spintronic properties and thus reveal the true effects due to spin. However, the P values of specific materials are intrinsic to those materials and cannot be easily changed. Previously, it has been shown that by doping CoS 2 with Fe, the P value of the specific alloy could be tuned up to as high as 85%. [13] [14] [15] It has also been proposed theoretically that the spin polarization of electrons could be tuned through double quantum dots 16 or topological insulators 17, 18 using very large magnetic or electric fields. However, there has so far been no experimental realization of these effects, although it has recently been shown that the P value of an oxide interface could be tuned by using an electric field. 19 In some materials, the magnetic properties can be controlled by an electric field. 20 Thus, it is nontrivial to control the P value of specific materials unless their band structure is modified. Conversely, it is possible to engineer structures where the spin polarization can be tuned.
A prototype spintronic device is the GMR structure, 1, 2 which has been utilized in the read-head of hard drives. 21 The resistance of GMR structures is low when all the magnetic layers are aligned by an external magnetic field, and it is high when the layers are aligned anti-parallel due to spindependent scattering. In this work, we show that the GMR value of a point contact between a GMR structure and a superconductor can be tuned by means of a bias voltage. By directly measuring the P value of the GMR structure in a varying magnetic field using Andreev reflection spectroscopy (ARS), the difference in GMR value is shown to be due to control of the spin polarization of the current in the GMR structure by an external magnetic field. These experiments have utilized a Co/Cu GMR structure, which has been shown previously to display very large GMR values. 22 The Fe 13.5 nm/[Cu 1 nm/Co 1 nm] 40 structure was grown by magnetron sputtering at room temperature (RT) using Fe as a buffer layer on Si[100] substrates. The base pressure was 2.0 Â 10 À8 Torr and the sputtering gas was Ar at 6 mTorr. Depending on the Cu thickness, the Co layers can have alternative coupling: thicknesses of 1 nm for both Cu and Co optimize the GMR value. The largest obtained GMR value was $66% at RT and $117% at 4.5 K, as shown in Fig. 1(a) . These values are among the highest reported for polycrystalline Co/Cu multilayers. 22 Cross-section images using transmission electron microscopy revealed that the CoCu layers were well-defined with strong {111} texture in the growth direction (see Fig. 1(b) ).
In this work, Andreev reflection spectroscopy (ARS) has been used to directly measure the P value. At a normal metal/superconductor interface, an individual electron cannot be injected into the singlet superconductor unless it is paired with another electron with opposite spin, by reflecting a hole back into the normal metal. 23 As a result, the conductance across the interface is limited by the availability of minority spins in the normal metal. For a half-metal (P ¼ 1), there are no minority spins, and the conductance is 0, while the number of minority spins for a normal metal (P ¼ 0) is the same as that of the majority spins, and the conductance is 2. Thus, the P value of the metal can be determined by measuring the interface conductance. Experimentally, an interface is often not ideal and a modified Blonder-Tinkham-Klapwijk (BTK) model is often utilized to extract the P value. [24] [25] [26] [27] [28] Common superconductors such as Pb and Nb have small critical fields 29 (H C < 1 kOe), which could not be utilized for ARS in this work. Instead, a 0.5-mm NbTi wire was used to fabricate the superconducting tip in these experiments. NiTi wires have been previously used in superconducting magnets: 30 critical field (H C ) of 14.5 T, which is more than sufficient for this project.
Since the sample here consists of Co and Cu multilayers, the NiTi tip is first used to measure the separate P values of a 100-nm Cu layer and a 60-nm Co layer, respectively, in a magnetic field, as shown in Figs. 2(a) and 2(b) . The open circles are normalized experimental data measured at H ¼ 0, while the solid dots are the data measured at H ¼ 2 T. The raw data are shown by the inset. One can see that the external field has almost negligible effect on the normalized Andreev spectra of the Cu and Co layers, whereas spectrum of Co contact in field shifts slightly due to an anisotropic resistance. Most importantly, these four spectra can be welldescribed by the modified BTK model, and the extracted P values are 0 for Cu, and about 41% for Co, which are consistent with previous studies. 10 These results thus demonstrate that the NbTi tip can be utilized to determine the P values, even in a magnetic field of 2 T. It is significant that the magnetization of the 60-nm Co layer changes from H ¼ 0 to H ¼ 2 T but not its P value, which is because the point contact only contacts a region of a few nanometers across, which is often smaller than the size of a domain in the Co layer. As a result, the P value does not vary when the macroscopic magnetization of the Co layer changes from zero to full saturation.
Next, a point contact is established using a NbTi tip on the Co/Cu structures, as shown schematically by the left inset in Fig. 3 . Then GMR is measured using an in-plane field with different currents of I ¼ 0.01 mA and I ¼ 1 mA at 4.2 K, and the GMR value of the point contact is about 26%, much less than that of the sample of 117%. This is because the resistance of a point contact consists of portions that do not have the same GMR value as the sample. The resistance of the point contact shifts up at I ¼ 1 mA, as shown by the right inset in Fig. 3 . This shift is due to a larger bias voltage (19 mV) applied on the contact for I ¼ 1 mA than that (0.24 mV) at I ¼ 0.01 mA. Interestingly, the GMR values of I ¼ 0.01 mA and 1 mA have a small but clear difference, as shown in Fig. 3 . The difference is about 0.68% and is from the same contact at different bias current. The resistance R consists of the contact resistance (Rc), which can be affected by the Andreev reflection, and an extra resistance from the sample (Rs), which is not related to Andreev reflection and thus does not depend on the bias current, but has the same GMR of 117% as the sample. Rs can be estimated by the resistance from contact point to the lead, which is about Rs ¼ 0.9 X for the contact in Fig. 3 . The GMR of Rc can be found and the difference in the GMR of Rc is actually 0.83%, larger than that of R, 0.68% in Fig. 3 . Because Rc is larger at I ¼ 1 mA, any effects from Rs should be reduced in R. Furthermore, as we have shown in Fig. 2 , the Andreev reflection between a NbTi tip and Cu or Co is not affected by the magnetic field at all. Therefore, a larger GMR in R at I ¼ 1 mA indicates a larger GMR in Rc than that at 0.01 mA.
To reveal the mysterious change of GMR at different bias voltages, the Andreev spectra of the same point contact are measured at magnetic fields varying from 0 to 1.5 T. The results are shown in Fig. 4 . At each field, eight loops are measured from À25 mV to þ25 mV to confirm the data: for clarification, only half of the AR spectra are plotted as a 3D plot in Fig. 4 . The open circles are the experimental results and the solid curves are the best fits to the modified BTK model, 29 including the extra resistance (r E ). 25 For fitting purposes, the data at H ¼ 0 are first fitted and the values of Z and D are determined using the experimental temperature. The values of Z and D are then fixed for data in fields since the data are from the same point contact, and the magnetic field will not affect the NbTi superconductor, as demonstrated in Fig. 2 . The fitting parameters are discussed below. All the data can be described well by the model, as shown in Fig. 3 . Since there is large GMR in the sample, the extra resistance, if any, should also have a large GMR. However, in this work, r E is negligible due to the small resistance of the sample. In fact, analysis of all the data shows that r E ¼ 0. Second, in a field, if there is r E , it becomes smaller due to the GMR effect. This leads to a higher conductance curve, 25 exactly opposite to what we observed in Fig. 5(a) .
The Andreev spectra at H ¼ 0 and 1.5 T in Fig. 4 seem similar but they are quite different, as shown in Fig. 5(a) where both are plotted together. Again, the open circles are the experimental data and the solid curves are the best fit to the modified BTK model. The difference is very clear. The AR spectrum at 1.5 T is lower than that at H ¼ 0, indicating higher P value. Indeed, the P value obtained at 1.5 T is 41.6%, while the P value at H ¼ 0 is 38.7%. The difference of 2.9% in P causes a clear difference in the conductance. In another contact with larger contact resistance of 35 X, higher P value is again observed in a magnetic field, as shown in Fig.  5(b) . The change of the P value is not the same, which may be due to the difference in interfacial scattering. In fact, the P value changes systematically and continuously as a function of H, as shown in Fig. 5(c) . It increases monotonically up to 6 kOe then saturates for both contacts, following the same trend as the conductance curves at V ¼ 0 in Fig. 4 .
The Co layers at H ¼ 0 form an antiferromagnetic (AFM) structure due to the RKKY interaction. 31 This AFM structure scatters spin the most, causing the large GMR value. As a result, the P value of 38.7% of the AFM structure will be the lowest. When all Co layers are aligned by the external magnetic field, electrons transport inside the multilayer with less scattering, resulting in the low resistance state. Hence, the measured P value of 41.6% is highest. Thus, the change of the P value observed from ARS is a direct measurement of the spin-dependent scattering of the GMR structure.
The different GMR values when measured at different currents in Fig. 3 includes an apparent GMR from Andreev reflection in magnetic field. Let us use the extreme case of half metal for illustration. At H ¼ 0, random moments scatter electron spins leading to double conductance (P ¼ 0), whereas all the spins are aligned in a large field, P ¼ 1, and the conductance is zero. This gives a negative apparent GMR of infinity. At large bias (V > D), there is no Andreev reflection, nor apparent GMR. So the negative apparent GMR of Andreev reflection causes a smaller GMR at I ¼ 0.01 mA in Fig. 3 .
It is interesting that the GMR of the sample is about 120%, as shown in Fig. 1 , but the P value of the conduction electrons in Fig. 5(b) only changes by about 3%. This may be due to the Co layers being very thin, 1 nm, which is not enough to flip the spins. Nevertheless, the P value of the structure can be continuously controlled from 38.7% to 41.6% by a modest external magnetic field, a feat that has never been achieved in any other structure. This work thus demonstrates that a GMR structure can be utilized as a spin source which can have continuously controllable spin polarization to study spintronics effects.
